To characterize water quality in terms of dissolved elements and to investigate both the origin of the water and the source and behavior of groundwater contaminants in Metro Manila, thirty-three water (groundwater and surface water) samples were analyzed for ion and element 
Introduction
Deterioration of the groundwater quality has become a serious environmental problem in Asian metropolitan cities undergoing economic growth (Foster, 2003) . In terms of dissolved elements of environmental concern, groundwater salinization due to overpumping, nitrate pollution from urban wastes, and naturally occurring arsenic pollution are the major problems reported for these areas (Arthurton, 1998; Mukherjee et al., 2006; Umezawa et al., 2009) .
However, few studies have investigated detailed sources of contaminants and the hydrogeochemical processes that produce groundwater with specific pollution constituents, including within Metro Manila, Philippines (ADB, 2006) .
The hydrogen and oxygen isotope ratios of water (δD-H 2 O and δ
18 O-H 2 O) have been widely used for elucidating the source(s) of groundwaters and the mixing of different source waters (Clark and Fritz, 1997 ) have been applied to understand the sources of nitrate pollution and denitrification processes that may take place in aquifers (Kendall and McDonnell, 1998; Cook and Herczeg, 2000) . Although dissolved sulfate is not a hazardous ion in natural water systems, sulfate can be derived from man-made materials such as air pollution, agrochemicals and sewage. Sulfate isotope ratios (δ 34 S-SO 4 2-and δ 18 O-SO 4 2-) have been used to elucidate the pollution sources of dissolved sulfate (Robinson and Bottrell, 1997; Torssander et al., 2006; Otero et al., 2008) .
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Arsenic in aquifers originates both as sulfide minerals and complexes with organic and inorganic materials which usually dissolve into groundwater as the result of redox changes and water and rock interactions (Plant et al., 2005) . Naturally occurring arsenic tends to be dissolved in groundwater in anaerobic environments, where sulfate reduction can occur (Plant et al., 2005) .
Since sulfate isotope values are also good indicators for investigating the occurrence of sulfate reduction by bacterial activity in aquifers (Moncaster et al., 2000; Dogramaci et al., 2001; Spence et al., 2001) , these isotopes can be applied to evaluate whether redox changes are responsible for groundwater arsenic pollution (Stüben et al., 2003; Lipfert et al., 2007) .
The strontium isotope ratio ( 87 Sr/ 86 Sr) can be used as a tracer of dissolved minerals (Borg and Banner, 1996; Hosono et al., 2009) , because dissolved strontium generally originates in geological constituents such as soils and minerals (Åberg et al., 1989; Négrel et al., 1993; Semhi et al., 2000) , and is not affected by fractionation processes during previous biogeochemical processes. This makes 87 Sr/ 86 Sr ratio a good tracer of the rock types which interact with groundwater, except in agricultural areas where significant amounts of agrochemicals contribute to the water quality change (Böhlke and Horan, 2000) . If groundwater contains arsenic of geological origin, the strontium isotope ratio can be a good indicator for evaluating the underlying geology.
The majority of aquifers in Metro Manila are developed in widely distributed
Plio-Pleistocene sedimentary layers with a maximum depth of around 300 m (JICA, 1992).
Groundwater salinization has been recognized in Metro Manila since at least the early 1960s
and its distribution was fully investigated in 1991 (JICA, 1992) . This report indicated that, by the year 1991, the majority of aquifers in the coastal areas were significantly affected by saline water intrusion due to excess pumping during the period of urbanization. However, further investigations have not been carried out. Umezawa et al. (2009) , in their nitrate isotopic study of Metro Manila groundwater, suggested that the majority of nitrate originated from municipal sewage with a lesser contribution from local agricultural activities and that the accumulated groundwater nitrate concentrations are attenuated due to the occurrence of denitrification. (n = 21) is not currently a serious concern. Naturally occurring arsenic contamination is becoming increasingly recognized in Asian countries (Mukherjee et al., 2006) . However, scientific reports on arsenic pollution are scarce in the region.
The major objectives of this study are: (1) to investigate fundamental problems of groundwater quality in the Metro Manila region in terms of dissolved elements, (2) to evaluate the contribution of man-made materials to groundwater quality by using sulfate and strontium isotopic tracers, and (3) to investigate the source of arsenic and its pollution mechanism by 4 using sulfate and strontium isotopic indicators. The results represent a case study showing the usefulness of multi-isotope ratios in developing a comprehensive understanding of groundwater contamination in urban subsurface environments.
The study area
Metro Manila, the capital region of the Philippines, is located between Manila Bay and Laguna de Bay in the southern part of Luzon (Fig. 1) . The Metro Manila jurisdiction (Manila City and the surrounding urbanized area) is highly urbanized (Fig. 1b; MMDA and IAURIF, 1997) and has a population of approximately 11.6 million in 2008 covering an area of 636 km 2 .
The city is developed on both the narrow coastal plains with an elevation of 0 to 10 m and on inner hilly areas with an elevation of 20 to 70 m. A mountain range with altitudes around 1,000 m is on the northeast side of the city. The Pasig River flows as a major river through Metro Manila, crossing between Manila Bay and Laguna de Bay (Fig. 1a) . The exchange of sea water and lake water is commonly observed in this river. The area has a tropical monsoon climate with an average annual temperature and precipitation of 27°C and 1970 mm, respectively (http://www.weatherbase.com/). It has a distinct dry season from November to May and a wet season from June to October.
Geological units underlying the study area are mainly Tertiary basement rocks, Plio-Pleistocene sedimentary rocks of the Guadalupe Formation, which is widely exposed in the central hilly areas, and overlying coastal alluvium 10 to 60 m thick (Fig. 1a; JICA, 1992 with the well depth as will be described in Section 4. Therefore, we use this classification for later discussion of the groundwater geochemistry.
Samples and analytical methods
Sampling locations are shown in Fig. 1 . The locations were selected so as to avoid areas of heavy industry or factories in order to minimize the possibility of point source contamination. Sr values were determined using a thermal ionization mass spectrometer with static multi-collection (Thermo electron Triton) at RIHN, following the analytical procedure of Na et al. (1995 Tables 1 and 2 .
Results

Groundwater geochemistry
The Piper diagram ( Fig. 2) shows that most of the river water and groundwaters of the Metro Manila area are of the Ca-HCO 3 or Na-HCO 3 types, whereas Na 2 SO 4 -NaCl or Our data shows a similar distribution pattern of high electric conductivity to that of the JICA (1992) report ( Fig. 3a) , suggesting that groundwater salinization is still a local concern.
Nitrate concentrations of the groundwater samples varied between 0.5 and 145 mg/L (Table   1) ; however, except for sample M16, they are much lower than the recommended WHO limit of 44 mg/L ( Table 1 ). The highest nitrate concentrations are observed in the shallow groundwaters (Table 1 Arsenic concentrations in groundwater samples range between 1.1 and 22.5 μg/L (Table 1) .
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This range is higher than that of rainwater and river water samples (0.4-4.4 μg/L), water reacted with fertilizers (0.3-7.2 μg/L) and detergent samples (0.3-4.2 μg/L) (Tables 1 and 2 ). Around 30% of the analyzed groundwater samples have arsenic concentrations exceeding 10 μg/L, which is the maximum recommended WHO standard concentration in waters. Importantly, the shallow groundwaters tend to be more enriched in arsenic than the deep groundwaters (Table 1 and Fig. 3c ). Dissolved cadmium and lead concentrations in the water samples were far lower than the WHO limit of 10 μg/L (Table 1) , although suspended particles were not analyzed in this study.
Isotope ratios
The hydrogen and oxygen isotope values of analyzed groundwater samples display compositional ranges between -34‰ and -52‰ for δD-H 2 O and -6.0‰ and -7.9‰ for δ (Fig. 4) . This isotopic similarity implies that these shallow groundwaters are derived by direct infiltration of rainwater and/or via river water.
There is a large isotopic gap between some shallow groundwater (M16) and deep under Metro Manila is recharged along the northeast mountainous area where altitudes reach 1,500 m. Evaporation from aquifer waters seems to not be a fundamental factor creating the observed compositional variation (Clark and Fritz, 1997) . Outcropping rocks of the Guadalupe Formation along the northeast mountainous area, with its NE strike and 10°W dip, may recharge the groundwater by transporting precipitation downwards along the bedding plane.
The water samples from the Pasig River (M13 and 14) show higher isotopic ratios than the other water samples (Table 1 and Fig. 4 ) reflecting the intrusion of sea water with higher isotope ratios into the river. However, the estimated mixing ratios of sea water into the fresh river water (M11) exceed 50 % (Fig. 4) which is much bigger than that estimated from the chemistry and sulfate isotope data (5-27%) as discussed later. Therefore, increasing isotope values in M13 and 14 might be partly attributed to evaporation of water in the Pasig River. One deep groundwater sample (M20) shows higher isotope values than the other measured samples (Fig. 4) (Fig. 6 ). In these samples the measured sulfate concentration may have been derived partly from sea water.
Determination of sulfate reduction by means of sulfate isotope ratios
As previously mentioned, samples M4 and 26 are affected by the contribution of sea water.
However, plots for these samples in Fig. 5 deviate at the right side of the sea water mixing line, suggesting the occurrence of sulfate reduction by bacterial activity (Thode, 1991 (Dogramaci et al., 2001; Grassi and Cortecci et al., 2005; Yamanaka and Kumagai, 2006) . Therefore, these groundwater samples are considered to have shifted from their original compositions (shown by the enclosed fields in
Figs. 5 and 6) to the present fields. Considering this isotopic increase from the original to the present compositions, the maximum extent of the elevation in δ 34 S-SO 4 2-values by a bacterial effect would be around 10‰ (Fig. 5 ).
Both shallow (M4, 22, 24, 25, 26 and 32) and deep (M1, 3, 5, 28, 30 and 31) groundwaters are affected by sulfate reduction (Figs. 5 and 6 ). Moreover, clear distribution patterns of the occurrence of sulfate reduction were not apparent (see Fig. 1 for the sample distribution). This suggests that the sulfur reducing process in Metro Manila groundwaters is associated with geological and biological properties at a local scale.
Sulfate reducing processes deduced from sulfate isotope ratios in underground environments are sometimes associated with the dissolution of arsenic into the groundwater (Stüben et al., 2003; Lipfert et al., 2007) . However, our results do not show any clear relationships between arsenic concentrations and the occurrence of sulfate reduction. Low arsenic concentrations in the chemical fertilizers and synthetic detergents (Table 2 ) suggest that they are not the source of the high arsenic concentrations in the groundwater. Moreover, all samples were collected in areas away from heavy industry or factories. Arsenic dissolution from sedimentary deposits into groundwater, not related to redox controls, is the most likely source of arsenic pollution in the Metro Manila region.
Source of arsenic and its pollution mechanism with strontium isotope analysis
In Asian countries, high concentrations of naturally occurring arsenic are found most frequently in young alluvial and deltaic deposits with large amounts of fine grained detrital sediments together with fresh organic matter, except in mineralized or mining areas (Plant et al., 2005; Mukherjee et al., 2006; Polizzotto et al., 2008) . In addition, much higher concentrations of arsenic commonly occur in pore waters extracted from unconsolidated sediments than in surface waters or groundwaters (Plant et al., 2005) . Dissolution of arsenic from arsenic-bearing sedimentary deposits via pore waters might be a cause of arsenic concentrations for Metro Manila groundwater.
In general, groundwater in natural environments is in Sr isotopic equilibrium with aquifer sediments through cation exchange reactions (Katz and Bullen, 1996; Frost and Toner, 2004; Gosselin et al., 2004; Musgrove and Banner, 2004) , except in places where heavy contamination or sea water intrusion occurs. For example, in Florida this equilibrium has been reported to be achieved within a few to ten years . It has also been shown in Seoul City that groundwater in the fissure zone of crystalline granitic or metamorphic rocks achieved Sr isotopic equilibrium regardless of short residence times (30 to 40 yr) (Hosono et al., 2009 ).
Because rocks and minerals are the primary sources, the majority of strontium in groundwater is derived from geological materials. There may also be agricultural contributions from long use of agrochemicals (Böhlke and Horan, 2000) or from prolonged application of synthetic fertilizers neutralized with carbonate minerals (Hosono et al., 2007) . Sr value of 0.70916 (Banner, 2004) , and man-made materials with higher 87 Sr/ 86 Sr value than 0.706 (Fig. 7) . However, the sample from the Pasig River tributary (M11), which has had contact with Tertiary basement rocks, yielded a 87 Sr/ 86 Sr value of 0.70566, and this value is lower than that for groundwater samples M6, 7, 27, 32 and 33 (Fig. 7) . Therefore, the contribution of the sedimentary basement rocks does not explain the elevated 87 Sr/ 86 Sr values in the groundwater.
In Fig. 7 , the strontium and sulfate isotope ratios for river waters (M13 and 14) and groundwaters (M6, 7, 32 and 33) tend to increase towards detergent or sea water composition, except for the samples affected by sulfate reduction. This trend supports the interpretation from sulfate isotope ratios that the groundwater sample M8 and river water samples M13 and 14 are affected significantly by the contribution of detergents and sea water, respectively. However, the source of strontium for the rest of the water samples might be a mixture of three components (volcanic rocks, sea water, and detergents). Sea water mixing for groundwater samples M4 and 26 is confirmed by their increasing 87 Sr/ 86 Sr ratios (Fig. 7) . Sample M27 is plotted in Fig. 7 on the compositional field of fertilizers used in the Metro Manila region. A relatively high nitrate concentration (15.7 mg/L; Table 1 ) together with this isotopic evidence indicates that fertilizer input is responsible for the deterioration of groundwater quality in this area.
Potentially, sea water cannot be a source of the arsenic because of its generally low concentration of <1.5 μg/L (Smedley and Kinniburgh, 2002) . Geochemical analysis of fertilizers and detergents ( Table 2 ) also suggests that these are not potential sources of arsenic in groundwaters. Geological constituents are therefore the only possible source of high arsenic concentrations. These facts, along with Sr isotopic analysis, indicate that arsenic in the Metro Manila groundwater is ultimately of volcanic origin. Higher arsenic concentrations are observed in the shallow groundwaters rather than in deep groundwaters (Fig. 3c) . High arsenic-concentrations in pore waters in unconsolidated sediments in and around the shallow unconfined alluvium aquifers can mix more frequently with groundwater than in the deep confined groundwaters within the sediments of the Guadalupe Formation. The distribution of arsenic and the isotope ratios of sulfate and strontium suggest that the arsenic is dissolved from 13 sedimentary deposits of volcanic origin without a significant contribution from changes in redox conditions in the aquifers.
Conclusions
Geochemical analysis and application of multi-isotope ratios (δD-H 2 O and δ The use of sulfate and strontium isotope tracers was successful in determining the contribution of man-made materials such as fertilizers and detergents to local-scale pollution in shallow groundwaters. These isotopes, together with geochemical measurements of the waters, also suggested that dissolved arsenic in the groundwaters was derived from sedimentary deposits of volcanic origin, and that changes in redox conditions were not responsible for arsenic dissolution into the water. Transfer of these contaminants from shallow to deep aquifers is not likely to be important because the mixing of these waters does not commonly occur in the Metro Manila region. Since multi-isotope ratios allow comprehensive understanding of water quality problems, the methodology used in this study can be applied in other Asian megacities. (a) Data for sea water (Rees et al., 1978; Hem, 1985) , water reacted with chemical fertilizers Castillo (1996) and Vitòria et al. (2004) , respectively. 
